The sorption of radiocaesium ions onto Na-rectorite was studied at a pH value of 5.0 ± 0.2 using the batch technique under ambient conditions. The effect of humic acid on the Cs + ion sorption was also investigated. The results indicated that the presence of humic acid significantly enhanced the sorption of Cs + ions onto rectorite. The kinetic desorption of Cs + ions from bare and HA-bound rectorite, respectively, was studied by the addition of a chelating resin. The results obtained indicated that Cs + ion sorption onto rectorite generated reversible and irreversible sorption sites, with the irreversible sorption sites consisting of at least two kinds, i.e. "weak" and "strong". With increasing ageing time, surface-sorbed Cs + ions on solid colloids can move from "weak" sites to "strong" sites, whereas that corresponding to irreversible sorption are incapable of movement irrespective of the length of the aging time. The results obtained are important for the evaluation of the behaviour of radionuclides in the natural environment.
INTRODUCTION
The immobilization of long-lived radionuclides is an important goal in the disposal of radioactive nuclear wastes. The sorption, migration and desorption of radionuclides in minerals are important processes leading to the transport of radionuclides to the natural environment (Wang et al. 2004; Xu et al. 2006a,b) . Humic substances (HSs) have come under intense study in nuclear waste management because of their strong sorption onto clay minerals and their strong complexation capacity with radionuclides. HSs can be considered as aggregates of aromatic molecules carrying a large number of carboxylic functions. In general, the presence of HSs increases the sorption of metal ions at a mineral surface at acidic pH, but reduces the sorption of metal ions at higher pH values (Montavon et al. 2002; Takahashi et al. 1999; Wang et al. 2005a; Choppin 1998) . The increase of sorption is explained by the adsorption of HSs onto the mineral surface followed by interaction of metal ions with the surface-sorbed HSs. Similarly, the reduction in sorption at high pH values is interpreted in terms of the formation of soluble M-HSs complexes which stabilize the metal ions in aqueous solution (Yu et al. 2006) .
Interest in the behaviour of caesium has been generated mainly by the fact that long-lived radionuclides of caesium ( 137 Cs, t 1/2 = 30.2 y, 135 Cs, t 1/2 = 2 × 10 6 y) are produced by nuclear fission. Wang et al. (2003 Wang et al. ( , 2005b studied the sorption of Cs + ions onto alumina and bentonite, and found that the presence of humic acid enhanced Cs + ion sorption onto alumina whereas the sorption of Cs + ions onto bentonite was only weakly dependent on the pH value. Kozaki et al. (1999) studied the effect of particle size on the diffusion of the Cs + ion in compacted bentonite and found that such diffusion decreased with decreasing particle size, i.e. sorption of Cs + ions onto bentonite increased with decreasing particle size. During the past decade, the sorption of radiocaesium ions onto all kinds of minerals and oxides has been studied extensively (Kim et al. 1993; Kozaki et al. 1996 Kozaki et al. , 1999 .
Rectorite is an uncommon natural clay possessing regular 1:1 inter-stratifications of dioctahedral mica and di-octahedral smectite layers. Studies of the sorption of metal ions onto rectorite have indicated this clay exhibits a large sorption capacity (Zhang et al. 2004) . In turn, chelating resins exhibit ion-exchange properties and their application for the treatment of environmental samples has received considerable attention due to their influence on metal availability and mobility in the environment. Their strong association with metal ions makes them suitable materials for studying the kinetic desorption of metal ions from a solid surface into a liquid phase (Wang et al. 2005c,d) .
The present work is an extension of previous studies (Wang et al. 2005b (Wang et al. ,d, 2006 in which the sorption of Cs + ions onto bentonite and the kinetic dissociation of Eu(III) and Am(III) from alumina and alumina-humic acid colloids were studied. The results indicated that the sorption of Cs + ions was weakly dependent on the pH value, and that the sorption of radionuclides onto alumina generated irreversible and reversible fractions, with the sorbed radionuclides moving from "weak" to "strong" sites with increasing ageing time. Here, we investigate the sorption and desorption of radiocaesium onto rectorite in the absence and presence of humic acid. A chelating resin was employed for studying the kinetic dissociation of radiocaesium from bare and HAbound rectorite. The sorption sites, i.e. the "weak", "strong", "reversible" and "irreversible" sorption fractions, are discussed in terms of a pseudo-first-order kinetic model.
EXPERIMENTAL
All chemicals used in the experiments were of analytical purity and used without any further purification. The Na-rectorite sample was derived from Zhongxiang County (Hubei Province, P. R. China) and was characterized in detail. The clay fraction amounted to 95% of the dry weight and consisted of rectorite whose unit cell consists of a montmorillonite layer and a mica layer. The water content of 5.7% was taken into account in the calculation of the Na-rectorite content. The N 2 -BET surface area was found to be 11.9 m 2 /g with an average particle size of 7.4 µm. The cation-exchange capacity of the material was 44.9 mequiv/100 g solid.
Humic acid was extracted from the soil sample of Hua-jia County (Gansu Province, P. R. China) very near to the site of a nuclear weapon test, and has been used in our previous work (Xu et al. 2006b ). Radiotracer 137 Cs was used in the experiments with the concentration of 137 Cs being analyzed by liquid scintillation counting (Packard 3100 TR/AB Liquid Scintillation Analyzer, PerkinElmer, U.S.A.) using an ULTIMA GOLD AB (Packard) scintillation cocktail.
Purification of the chelating resin (3M Empore Extraction Disks, Switzerland) and its conversion into a mixed H + /Na + form was undertaken by first rinsing with 1 mol/l HNO 3 , washing with 0.5 mol/l aqueous NaCl until the pH of solution was nearly neutral, and then finally percolating Milli-Q water through the chelating resin in order to remove excess NaCl (Geckeis et al. 2002) . As a result, the prepared resin was of a mixed Na + /H + form and has been used as such in previous experiments (Wang et al. 2005d; 2006) .
In the present studies, all experiments were conducted under ambient conditions at 20 ± 1 o C. The rectorite stock solution, NaClO 4 , the caesium solution and the HA solution were mixed in polyethylene test tubes to achieve systems containing the desired concentrations of the different components. The pH values of the systems were adjusted by adding small volumes of 0.01 M NaNO 3 or NaOH. After such addition, the suspensions were stirred for 2 d, following which the solid and liquid phases were separated by centrifugation at 8000 rpm for 40 min. Initial experimental results suggested that several hours were necessary to achieve equilibration of Cs + ion sorption onto rectorite.
For the desorption experiments employing the batch technique, the samples of rectorite/ HA-rectorite were centrifuged following the sorption experiments, half the volume of the supernatant being removed by means of a pipette and the same volume of 0.01 M NaClO 4 solution added. The mixtures were then shaken and centrifuged under the same conditions as employed in the sorption experiments. Finally, the amount and distribution coefficient of Cs + ion sorbed onto the solid phases after desorption were deduced.
In the kinetic desorption studies with the chelating resin, solutions of Cs + ion-rectorite and Cs + ion-HA-rectorite were prepared under aerobic conditions at 0.01 M NaClO 4 ionic strength and a pH value of 5.0. After ageing the Cs + ion-rectorite or Cs + ion-HA-rectorite hybrids for 5 d and 30 d, respectively, the purified chelating resin (3M Empore, Switzerland) was added to the suspension and the concentration of Cs + ion in suspension as Cs + ion-rectorite or Cs + ion-HA-rectorite complexes measured.
RESULTS AND DISCUSSION

Sorption isotherms of Cs + ion on Na-rectorite
Sorption isotherms of Cs + ion onto bare and HA-bound Na-rectorite at 20 ± 1 o C and pH = 5.0 ± 0.2 in 0.01 M NaClO 4 solutions are shown in Figure 1 . At an initial HA concentration of 10 mg/l, UV-vis spectrophotometry at 290 nm indicated that ca. 95-97% HA was adsorbed onto the rectorite surface. The concentration of Cs + ion in solution ranged from 10 -8 to 10 -3 mol/l, allowing sorption isotherms to be plotted as log C eq versus log q, where C eq is the equilibration concentration of Cs + ion in the aqueous solution and q is the concentration of Cs + ion adsorbed onto the solid phase. It will be seen from Figure 1 that such a plot was linear. The distribution coefficient, K d , was calculated from the concentration of the suspension (C 0 ) and of the supernatant (C eq ) after centrifugation employing the following equation: (1) where V is the volume of the solution and m is the mass of rectorite employed.
The average distribution coefficients for sorption and desorption, the sorption/desorption hysteresis coefficient and the relative contribution of HA are listed in Table 1 . The sorption isotherm of Cs + ions onto HA-rectorite hybrids was greater than that for Cs + ions onto bare rectorite, indicating that the presence of HA enhanced the sorption of Cs + ions onto rectorite under the experimental conditions employed. HA can be visualized as aggregates of aromatic molecules. The high functionality of HA enables the formation of strong complexes with metal ions and hence modifies the retention of metal ions on minerals. In the present work, the initial concentration of HA was only 10 mg/l while the relative contribution of HA on Cs + ion sorption was ca. 96% relative to the situation for the sorption of Cs + ions onto bare rectorite. The high relative contribution of HA suggests strong complexation between HA and Cs + ions.
Sorption and desorption isotherms
The sorption and desorption isotherms of Cs + ions onto bare or HA-bound rectorite are shown in Figures 2 and 3 , respectively. The distribution coefficient for the Cs + ion after desorption was calculated from the equation: where q (sorp) is the concentration of Cs + ions on the solid phase after the sorption experiment, C eq (sorp) is the concentration of Cs + ions in the supernatant after the sorption experiment and C eq (desorp) is the concentration of Cs + ions in the supernatant after the desorption experiment. From the figures it will be seen that the desorption isotherm was higher than the sorption isotherm, thereby suggesting that the sorption of Cs + ions was irreversible. It is clear from the data listed in Table 1 that the values of K d (desorp) on bare rectorite and on HA-rectorite were much higher than the value of K d (sorp) , indicating that sorption/desorption hysteresis occurred. It was difficult to desorb the Cs + ions adsorbed onto the surface of rectorite or HA-rectorite hybrids from the solid phase into the liquid phase. It is also interesting to note that part of the surface-adsorbed Cs + ions was desorbed from rectorite when the concentration of Cs + ions in the liquid phase decreased, which suggests that the sorption of Cs + ions onto rectorite or HA-rectorite hybrids leads to the generation of irreversible and reversible fractions. Hence, a study of the kinetic desorption of Cs + ion is necessary to obtain detailed information regarding the Cs + ion sorption species on the solid surface.
Kinetic desorption study
The fractions of Cs + ions in suspension as Cs + ion-rectorite or Cs + ion-HA-rectorite complexes as a function of contact time with the chelating resin are depicted in Figures 4 and 5 , respectively. At the pH values investigated in our experiments, neither the sorption of humic acid/rectorite particles onto the chelating resin nor the degradation of the chelating resin has been reported (Wang et al. 2005d (Wang et al. , 2006 . Earlier work reported that free metal ions in suspension could rapidly form complexes with chelating resin with ca. 100% of the metal ions being adsorbed (Geckeis et al. 2002; Wang et al. 2005c ). Very strong complexes were formed between the metal ions and the chelating resin. After addition of the chelating resin, rapid adsorption of the Cs + ion desorbed from rectorite or HA-rectorite occurred. It should be noted that the chelating resin was in the form of an extraction disk, so that it was not necessary to separate the resin from the rectorite suspension in order to measure the Cs + ion content in the suspension. The sorption reaction of Cs + ion with the chelating resin in the absence of humic acid and rectorite can be expressed as (Wang et al. 2005c,d) :
( 3) and is rather fast. However, the sorption of Cs + ions onto the chelating resin is delayed in the presence of humic acid and rectorite relative to that occurring in the absence of humic acid and rectorite. Hence, the desorption reaction of Cs + ions from rectorite or HA-rectorite hybrids is responsible for the shapes of the curves observed in our experiments. This desorption reaction and the sorption reaction onto the chelating resin can be expressed as:
The desorption reaction (step 1) is very slow compared to the sorption reaction of free Cs + ions in solution onto the chelating resin (step 2). The rate of the sorption reaction is thus dependent on the desorption reaction of Cs + ions from rectorite or HA-rectorite hybrids. Thus, the rate of the sorption reaction of free Cs + ions onto the chelating resin (step 2) can be regard as the desorption rate of the adsorbed Cs + ions from rectorite or HA-rectorite hybrids into the solution (step 1).
Several authors have assumed a pseudo-first-order kinetic model for the desorption of metal ions from humic acid-coated oxide colloids (Rao et al. 1994; Wang et al. 2005d) . Two types of metal ion/solid surface complexes, showing "weak" and "strong" dissociating species, were needed to simulate the experimental data. These data could be represented by the equation (Wang et al. 2006 ): where C susp (t) is the concentration of Cs + ions in suspension as Cs + ion-rectorite or Cs + ion-HA-rectorite complexes at time t (h); C initial is the initial total concentration of Cs + ions in the suspension (t = 0) before the addition of the chelating resin; C final is the final concentration of Cs + ions in the suspension after equilibration with the chelating resin (considered as the fraction of irreversible Cs + ion sorption); and A 1 (%) and A 2 (%) are the fractions of adsorbed Cs + ions dissociating with time constants τ 1 (h) and τ 2 (h), respectively. The sum of A 1 and A 2 can be considered as the fraction of reversible sorption sites. The results obtained by the simulation of the experimental data (Figures 4 and 5) using equation (5) are listed in Table 2 . From Table 2 , it will be seen that the C final /C initial value arising from the presence of Cs + ions as complexes in the suspension plus the sorption of Cs + ions onto bare rectorite (10 ± 1%) was less than that for the sorption of Cs + ions onto HA-rectorite (12.9 ± 1.1%), suggesting that the fraction of Cs + ions irreversibly sorbed onto HA-rectorite was higher than that of Cs + ions onto bare rectorite. This means that the presence of HA not only enhanced the macroscopic sorption of Cs + ions onto rectorite (batch result, mentioned in the above section), but also led to the formation of more irreversible species with Cs + ions on the rectorite surface (kinetic desorption result, this section). This also provides evidence that HA forms stronger complexes with the caesium ion than with the surface functional groups of rectorite.
At the same ageing time (5 d) for Cs + ions in contact with rectorite or HA-rectorite hybrids, the values of the "weak" fraction (A 1 ) of Cs + ions sorbed onto bare rectorite and HA-rectorite were 35.6 ± 1.4% and 28.3 ± 1.4%, respectively. Similarly, the values of the "strong" fraction (A 2 ) were 51.5 ± 1.4% and 59.8 ± 1.0%, respectively. The results suggest that part of the Cs + ions sorbed onto the surface of rectorite moved from the "weak" sites to the "strong" sites after the addition of humic acid. The presence of humic acid not only enhanced the magnitude of the irreversible sorption fraction, but also facilitated the movement of sorbed metal ions from the "weak" to the "strong" sorption sites.
The value of C final /C initial for the Cs + ion-HA-rectorite ternary system was the same for the two ageing times studied (i.e. 5 d and 30 d). The experimental data also indicate that the final concentration of Cs + ions was same for the two ageing times after long contact with the chelating resin. This indicates that the fraction of Cs + ions sorbed irreversibly at the same pH value did not change with ageing time. However, the value of A 1 for an ageing time of 30 d was lower than that for an ageing time of 5 d, whereas the value of A 2 for 30 d was higher than the corresponding value for 5 d. This result suggests that a fraction of the surface-sorbed metal ions moved from "weak" sites to "strong" sites with increasing ageing time. These results are very similar to those reported previously by us for the sorption of Eu(III) ions onto alumina (Wang et al. 2006) .
The inset figures in Figures 4 and 5 depict a portion the initial contact time between Cs + ions and the chelating resin. These inset figures provide a detailed insight into the kinetic reactions HA-rectorite 25.9 ± 1.3 6.3 ± 0.8 61.2 ± 0.9 233 ± 7 12.9 ± 1.1 occurring during the initial period of contact between the chelating resin and rectorite or HA-rectorite hybrids. It is also of interest to note that equation (5) was not capable of providing a good simulation of the experimental data for several hours after first contact between the chelating resin and the suspension. During this period, the sorption of free Cs + ions in solution onto the chelating resin did not correlate with the kinetic desorption of Cs + ions from the solid phase. As a consequence, the pseudo-first-order model did not provide a good fit to the experimental data during this stage of the process.
CONCLUSIONS
The results of batch and kinetic desorption studies of Cs + ions onto/from bare rectorite and HA-rectorite hybrids lead to the following conclusions:
